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THH  STRENGTH  OF  WOOD  AS  INFLUENCED  BY  MOISTURE. 


GENERAL,  PRINCIPLES. 

Tlio  strenoth  and  stili'ness  of  ^'ood  depend  largely  upon  the  de<>Tee 
to  which  it  is  seasoned.  Roughly  speaking,  strength  is  the  capacity 
of  wood  to  sustain  a  load  without  breaking,  stiffness  the  degree  to 
which  wood  under  a  load  resists  distortion  of  form.  As  seasoning- 
progresses  the  strength  increases,  so  that  b}^  simply  drying  a  piece  of 
green  spruce  it  is  possible  to  multipl}^  its  strength  four  times.  Stiff- 
ness is  similarly  increased  by  dr^^ing,  though  less  markedl}^ 

It  is  obvious,  therefore,  that  strength  values  obtained  in  timber 
tests  hold  only  for  the  given  degree  of  moisture  at  which  the  tests 
were  made.  Since  a  weak  wood,  such  as  pine,  in  a  state  of  absolute 
dryness,  may  be  much  stronger  than  a  strong  one,  such  as  oak  or 
hickory,  in  its  green  state,  tables  giving  the  mechanical  properties  of 
wood  as  derived  from  timber  tests  are  of  little  value  unless  the 
moibture  content  of  the  different  specimens  is  known. 

In  the  ordinarj^  process  of  seasoning,  however,  certain  factors  are 
introduced  which  greatl}^  modify  the  eff'ect  of  lessened  moisture. 
Checking,  for  instance,  always  occurs  to  some  extent.  In  large  tim- 
bers this  may  counterbalance,  partially  or  even  entirety,  the  gain  in 
strength  due  to  the  drying. 

Since  wood  is  ver}^  hygroscopic  and  readily  absorbs  moisture  from 
the  air,  an  increase  to  400  per  cent  of  the  green  strength  (as  in  the 
case  cited  above)  would  not  occur  in  practice.  When  exposed  after 
drying,  even  when  protected  from  the  weather,  wood  w-ill  absorb 
moisture  according  to  the  humidity  of  the  air,  amounting  in  this 
climate  to  from  8  to  16  per  cent  of  the  dr}^  weight.  Assuming  a  con- 
dition of  al)out  12  per  cent,  the  sti'ength  would  be  thus  again  reduced 
to  about  240  per  cent  of  the  green  value. 

With  large  timbers  in  conmiercial  use  it  is  not  safe  to  count  upon 
an}'  greater  strength,  even  after  seasoning,  than  that  of  the  green  con- 
dition. Years  of  air  seasoning  are  required  before  such  timbers  part 
with  (Miough  moisture  to  reach  the  liber-saturation  point,  which,  as  will 
presently  be  explained,  is  the  point  in  drying  at  which  the  strength  of 
wood  first  begins  to  increase.  With  small,  perfect  stock,  howevei", 
such  as  is  used  in  the  manufactme  of  implements  and  carriages,  in 
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sizes  up  to  about  4  by  -i  inches  in  cross  section,  ordinaiy  air  diyinsc 
may  be  counted  upon  to  increase  the  strength  between  50  and  150 
per  cent. 

The  stiffness  follows  a  law  similar  to  that  of  the  strength,  as  may 
be  seen  in  the  tables  of  the  modulus  of  elasticity,  but  the  changes  are 
of  a  less  degree.  This  law  is  also  well  indicated  by  the  relative  steep- 
ness of  the  stress  diagrams  iutigure  4  (pag^e  14),  which  are  arranged  in 
order  of  dryness. 

It  is  clearly  important  that  the  plwsical  effects  of  moisture  upon 
wood  should  be  known,  and  that  reliable  means  should  be  found  for 
reducing  all  test  values  to  a  standard  degree  of  moisture  for  engineer- 
ing tables,  as  well  as  for  adapting  these  standard  strength  values  to 
wood  in  other  conditions  of  moisture.  To  secure  the  needed  data,  an 
investigation  has  ]>een  carried  on  at  the  Yale  Forest  School  labora- 
torj^,  New  Haven,  Conn.,  during  the  past  three  years,  involving  sev- 
eral thousand  mechanical  tests  on  specialh^  prepared  material.  A 
brief  statement  of  the  results  obtained  is  given  in  the  following  pages 
and  tables.'' 

METHODS  OF  TESTING. 

Since  the  methods  of  conducting  the  tests  are  fully  described  in  Bul- 
letin 70^  and  Circular  38''  of  the  Forest  Service,  onh^  essential  points 
need  be  discussed  here. 

In  testing  wood  to  determine  the  effect  of  a  given  factor  upon  the 
strength,  a  few  well  chosen  and  properly  treated  specimens  serve 
better  than  a  number  of  heterogeneous  samples.  The  selection  of  the 
test  specimens  and  their  proper  treatment  to  secure  the  desired  condi- 
tions constituted  the  chief  part  of  the  problem,  and  recpiired  much 
more  time  and  attention  than  the  tests  themselves. 

The  specimens  were  carefully  cut  and  placed  in  series,  so  that  each 
series  consisted  of  a  number  of  specimens,  cut  either  from  the  same 
strip  of  wood  or  from  adjacent  strips  in  the  log  or  plank,  having 
practically  the  same  straight  grain,  and  free  from  defects.  Each 
specimen  in  a  series  was  brought  to  a  different  moisture  degree  in 
such  a  manner  that  the  moisture  was  uniformly  distributed.     From  T 

« For  former  investigations  of  the  effect  of  moisture  upon  strength,  reference  is 
made  to  the  following: 

Mittheilungen  aus  dem  Technisclien  Laboratorium  der  K.  Tech.  Hochschule  in 
Miinchen.  Bauschinger,  Heft  IX  (Mitt.  X),  1883.  Untersuchungen  liber  dieBautech- 
nische  QuaUtiit  des  Fichtenholzes,  Janka,  in  Baumateralienkunde,  Heft  17,  No.  17, 
p.  262,  Sept.,  1904,  Stuttgart. 

Materials  of  Construction,  Johnson,  j^p.  668,  669. 

Bulletin  8,  Forest  Service,  p.  23. 

Bulletin  13,  Forest  Service,  p.  19. 

&The  Effect  of  Moisture  upon  the  Strength  and  Stiffness  of  Wood,  by  Tiemann. 

^Instructions  to  Engineers  of  Timber  Tests,  by  W.  Kendrick  Hatt. 
[Cir.  108.] 


to  1<)  of  >n(li  s(Mi(\-;  of  spcM'iinons  were  iiuulc  Tor  o;u-li  species  of   wood 
aiul  cacli  kiiul  of  ti\s(. 

Tests  wen^  luiido  in  bendino-,  coiiiprossion  parallel  to  j^raiii,  slicai- 
in<i-  ]^a railed  to  ^raiii,  and  eompression  at  rio-ht  anodes  to  orajn.  d'lic 
siziv^  of  t]\v  ^p(M•i^l(■ns  used  were  2  by  2  by  40  inches  for  IxMidino-, 
with  a  span  of  oG  inches;  2  by  2  by  5^-  and  2  b}^  2  I)}'  12  inches  for 
roinpressioii  parallel  to  grain  and  at  right  angles  to  grain,  respectively; 
and  2  by  2  )\v  3  inches  for  shearing  tests  in  the  case  of  longleaf  pine, 
nnl  spruci\  and  chestnut.  Smaller  sizes  were  used  for  the  subsequent 
tests  upon  loblolly  pine,  red  gum,  Douglas  iir,  Norway  pine,  and 
tamarack. 

The  results  of  the  tests  were  plotted  on  cross-section  paper,  and 
graphical l}^  av^er^ged  by  drawing  a  separate  curve  for  each  series. 
These  series  curves  were  then  averaged  for  the  average  curve  of  the 
species. 

The  compression  tests  parallel  to  grain  gave  the  most  uniform  and 
reliable  results,  and  therefore  formed  the  chief  subject  of  the  stud3^ 
r>endino-  tests  were  made  upon  the  first  three  species,  and  also  enough 
upon  the  next  three  to  establish  the  fact  that  the  law  derived  from 
compression  tests  applies  also  to  beams.  While  shearing  tests  tend  to 
sliow  that  shearing  strength  is  increased  in  drying,  they  are  too  erratic 
to  be  reliable,  probably  because  of  minute  checks  caused  b}^  strains. 
It  is  accordingly  unsafe  to  count  upon  any  increase  in  the  shearing- 
strength  of  wood  be3^ond  that  of  the  green  condition.  For  this  rea- 
son shearing  tests  were  not  made  upon  all  of  the  woods  tested. 

The  moisture  was  determined  by  cutting  a  cross-sectional  disk  at 
the  point  of  failure  an  inch  or  less  in  thickness  and  drying  this  to 
constant  w-eight  at  the  boiling  point  of  water.  The  weight  of  moist- 
ure lost  in  drying  is  expressed  as  a  per  cent  of  this  dry  weight  and 
represents  the  ^'moisture  per  cent"  at  which  the  test  was  made.  Other 
disks  were  also  taken  to  determine  the  distribution  of  moisture. 
P]xperiments  were  made  to  determine  the  amount  of  moisture  still 
remaining  in  the  disk  after  dr3ang  in  the  manner  just  described  by 
fui'ther  drying  in  vacuum,  the  average  result  of  which  showed  that 
about  0.7  per  cent  of  moisture  remained  when  the  disks  were  dried  by 
the  ordinary  method.  The  amount  of  volatile  oils  and  other  matter 
which  escaped  in  drying  the  disks  was  found  to  be  negligible.^' 

THE    FIBER-SATURATION   POINT. 

Moisture  exists  in  green  w^ood  in  two  conditions — that  which  is  in 
the  substance  of  the  cell  walls  and  that  which  tills  the  pores  or  the 
lumina  of  the  cells,  like  honey  in  a  comb.     The  latter,  which  may  be 

"For  other  references  to  moisture  determinations  see  Forest  Service  Bulletin  6, 
p.  47;  Bulletin  13,  p.  19;  or  Circular  12,  p.  7,  of  quarto  edition  or  p.  11   of  octavo 
edition.     For  a  study  of  volatile  oil  and  turpentine  distribution  see  Bulletin  8,  p.  ?>4. 
[Cir.  108.] 


spoken  of  as  "free''  water,  has  no  direct  influence  upon  the  strength. 
Under  given  conditions  the  cell  walls  become  saturated  with  a  definite 
amount  of  water  and  will  absorb  no  more,  although  the  wood  may 
continue  to  absorb  free  water.     The  deo-ree  of  moisture  at  which 
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15        ZO        Z5        JO        35        40        45 
MO/STURE  PERCENT  BASED  ON  DRY  WEIGHT 

Fig.  1.— Relation  between  the  crushing-  strength  in  compression  xjarallel  to  grain,  and  the  moisture 

content  for  several  woods. 

maximum  absorption  b}^  the  cell  walls  is  reached  is  called  the  fiber- 
saturation  point  of  the  wood.  After  this  point  is  reached  added 
moisture  does  not  lessen  the  strength  of  wood.  At  this  point,  also, 
wood  ceases  to  swell. ^' 

«See  Forest  Service  Bulletin  13,  p.  20,  and  Circular  12,  p.  7. 
[Cir.  108.] 
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B(\<4"i!iirmii"  with  llu>  dry  coiidii  ion.  i!  will  !)(>  ^ccii  I'l-oin  li<_jiir('s  1  and 
2  that  ^\ilh  iiiciH^asc^  of  moistiiri^  the  strcMioth  at  lii'^l  falls  olV  xcry 
rapidly,  then   iiion^   slowly  until  (lio  lihcr  satnial  ioii   point  is  rcaclKHl, 


0  5  10  15  20         25         30         35  40         45         50         55         60         65         70 

MOISTUREl-PER    CENT    OF    DRY     WEIGHT. 

Fig.  2.— Relation  betwecni  the  stillness  (modulus  of  elasticity)  in  bending  and  moisture  content,  for 

three  species. 

where  it  abruptly  ceases  to   decrease;  so   that  the  diagram  for  the 
greater  moisture  per  cents  becomes  a  horizontal  line.     The  excess  of 
moisture  per  cent  after  the   fiber-saturation  point  is  passed  is  there- 
2200— No.  ]  08—07 2 
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fore  the  amount  of  free  water.     There  is  no  way  of  clistiDguishlng  the 
amount  of  free  water  present  by  the  moisture  determination  alone. 

The  best  way  to  determine   the  •  liber-saturation  point  is  by  actual 
tests  of   the  strength  of  very  small  specimens.     Compression  tests 


16,000 


1,000 


0  5  10  15  20         25  30         35  40         45 

MOISTURE-PER    CENT    OF    DRY     WEIGHT. 

Fig.  3.— Comparison  of  the  relations  between  strength  and  moisture  content  for  red  spruce  in  various 
'The  lowest  curve  is  for  compression  at  right  angles  to  grain.) 


kinds  of  tests. 


similar  to  the  moisture-strength  tests  were  made  for  this  purpose  upon 
series  of  ver}^  small  specimens — from  one  to  one  and  a  half  inches  long 
and  from  half  an  inch  to  one  square  inch  in  cross  section.     It  is  better 
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to  use  such  small  pieces  for  these  tests,  hocanse  (licy  iimy  Ix'  hroiin'ht 
more  accurately  to  the  desired  moisture  coiulitioii,  and  with  moic  uni- 
form distribution  of  moisture,  and  also  because  orejiter  uniformity 
may  thus  be  obtained  in  the  strticture  of  the  specimens  of  each  sei'ics. 
Table  1  o-iyes  the  restilts  of  these  determinations  upon  several  kinds 
of  wood.  This  critical  moisture  condition  is  found  to  change  with 
dill'erent  treatments  and  under  ditl'eren.t  conditions.  The  moisture 
deo-ree  of  the  saturation  point  is  hig-her  for  wood  previously  driest, 
and  especially  for  Avood  wdiich  has  beensidjjected  to  high  temperatures, 
than  it  is  for  green  wood.  In  some  cases  it  also  differs  for  heartwood 
and  sapwood. 

Table  1. — TJie  fiber-saturation  point  for  several  woods  as  determined  by  compression  tests  on 

small  specimens. 


Kind  of  wood. 


Longleaf  pine 

Red  spruce 

Chestnut 

Loblolly  pine  heartwood. 

Green  

A.ir-dry 


Loblolly  pine  sapwood 

Green 

Air-dry 


White  ash 


Nominal  size. 


f  bylbyli... 
fbyf  byli... 
f  bvlbyU... 

f  by^byli... 


I- by  I  byli... 


Red  gum,  air-dry 

Douglas  fir 

Norway  pine 


Heartwood 
Sapwood  . . 


0.71  by  0.71  by 
I      1.5. 
I  by  I  by  li... 

Ibylbyli... 

0.71  by  0.71  by 


Tamarack 


0.71  by  0.71  by 


Num- 
ber 

of  se- 
ries 

used. 


Num- 
ber 
of 

tests. 


72 
80 

49 

45 

49 

a  16 


121 

88 


Kiln-dry  specific 
gravity. 


Av. 


0.62 

.38 
.48 

.59 
.67 


.55 

.79 

.52 
>b.  58 


Max.  Min 


0.67 
.42 
.54 

.62 
.72 


.51 
,.61 


.85 
.55 


.50 
.49 


0.  58 
.37 

.42 

.57 
.63 


.45 
.50 


.68 
.49 


.38 
.41 


,56 


Moisture  per  cent 
at  fiber-satura- 
tion pt)int. 


Av.    Max.  Min. 


33 


Unless  otherwise  stated  determinations  were  made  upon  green  wood. 

a  Two  separate  determinations. 

b  Value  taken  from  other  specimens  cut  from  the  same  planks. 


SUMMARY  OF  MOISTURE-STRENGTH  RELATIONS. 

In  Table  2  is  given  for  the  seven  species  tested  a  condensed  state- 
ment of  the  average  strength  values  derived  from  curves,  at  three 
moisture  conditions — green  or  wet,  air-dry,  and  kiln-dry.  The  ratio 
of  increase  in  strength  above  that  of  the  green  condition  is  given  just 
below^  each  strength  value.  The  number  of  tests  tised,  the  average 
specific  gravity,  and  the  average  number  of  rings  per  inch  are  also 
given  in  the  table. 

[Cir.  108.] 
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Fiti'uro  1  shows  three  o'cneral  »4 roups  of  inoislure-streiiotli  curves, 
as  foHows:  (1)  LonoKnif  pine,  loblolly  pine  he:irtA\oo(l,  Dou^his  Hr; 
(2)  tamarack,  lobloll}' pine  sapwood;  (3)  red  spruce,  cliesdmi.  Nor- 
way pine  heartwood  is  similar  to  the  tamarack,  l)ut  falls  far  below  it. 
It  will  be  noted  that  there  is  a  marked  dili'erence  betw^een  tlie  several 
species  in  the  abruptness  with  which  the  strength  begins  to  increase 
at  the  liber-saturation  points. 

Examining  the  ratios  of  the  increase  in  strength  over  that  of  the 
green  condition,  it  is  seen  that  the  ratios  for  spruce  are  greater  than 
those  for  longleaf  pine.  This,  however,  does  not  indicate  that  the 
rate  of  increase  is  greater,  for  the  reason,  as  will  be  seen  from  the 
curves,  that  the  moisture  degree  of  the  fiber  saturation  of  spruce  is 
greater  than  that  of  pine,  so  that  the  green  condition  is  brought  far- 
ther down  the  curve.  In  point  of  fact  the  rate  of  increase  is  greatest 
in  longleaf  pine,  as  is  shown  b}^  the  steepness  of  the  curve.  It  seems 
reasonable  to  suppose  that  the  resin  in  longleaf  pine  prevents  the  cell 
walls  from  absorbing  as  much  water  as  does  spruce,  and  consequently 
renders  the  strength  of  the  wood  greater  under  the  same  atmospheric 
conditions.  It  appears,  moreover,  to  stiffen  the  cell  walls  at  the  same 
moisture  degree,  and  so  add  to  the  strength  of  the  wood,  particularly 
in  the  dry  condition,  thus  rendering  the  moisture-strength  curve 
steeper.  Comparing  spruce  and  chestnut,  it  will  be  seen  that,  while 
chestnut  is  stronger  than  spruce  in  the  green  condition,  spruce  is  the 
stronger  when  dry,  in  spite  of  the  fact  that  chestnut  has  the  greater 
specific  gravity.  Weight  for  weight  in  the  dry  state,  however,  red 
spruce  is  the  strongest  and  longleaf  pine  the  weakest  of  these  three 
woods.     In  the  green  condition  the  reverse  is  the  case. 

Weight  for  weight,  kiln-dry  spruce  is  actually  as  strong  and  stiff 
in  compression  and  bending  as  fairly  good  steel,  and  considerably 
stronger  than  cast  iron. 

SHRINKAGE. 

When  a  piece  of  green  or  wet  wood  is  dried  no  change  in  dimensions 
takes  place  until  the  fiber-saturation  point  is  reached.  The  wood  then 
begins  to  shrink  in  cross-sectional  area  until  no  further  moisture  can 
be  extracted  from  the  cell  walls.  It  also  shrinks  longitudinally,  but 
in  most  species  the  amount  of  this  shrinkage  is  so  small  as  to  be  neg- 
ligible. The  shrinkage  in  ai'ea  in  dr3nng,  from  the  green  to  the  oven- 
dried  condition,  varies  with  different  woods,  ranging  from  as  much  as 
20  per  cent  with  hickory  to  as  little  as  7  per  cent  with  red  cedar. 
Since  the  shrinkage  along  the  grain  is  negligible,  the  change  in  area 
represents  also  the  change  in  volume. 

The  results  of  measurements  taken  upon  the  regular  moisture- 
strength  test  pieces  of  longleaf  pine,  spruce,  and  chestnut  show  that 
the  swelling  increases  with  the  per  cent  of  moisture.  Thus,  starting 
with  wood  in  the  oven-dry  condition  and  figuring  the  swelling  in  per 

[Clr.  108.] 
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cent  of  the  dry  volume  (the  moisture  being  fig-ured  in  per  cent  of  the 
dry  wt'ight).  the  per  cent  of  swelling  increases  with  the  moisture  per 
cent  (forming  a  straight  line  in  the  diagram),  but  at  a  less  rapid  ratio. 
until  the  hber-saturation  point  is  reached,  where  it  abruptly  ceases. 
In  tigure  i  the  average  results  of  these  measurements  are  given  as 
percentages  of  swelling  based  on  the  dry  volumes. 
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flG.  4.— Relation  between  swelling  and  moisture.    Each  point  is  the  average  of  from  five  to  eleven 
specimens.    Black  dots  indicate  specimens  that  were  kiln-dried  and  then  allowed  to  reabsorb 

moisture.    The  nber-saturation  point  is  at  c. 

The  specitic  gravity  of  wood  is  least  in  its  perfectly  dry  condition, 
and  if  no  swelling  took  place  it  would  increa.-e  in  the  selfsame  piece 
of  wood  directly  with  the  amount  of  moisture  absorbed.  This  is  in 
fact  the  case  after  the  tiber-saturation  point  has  been  passed,  when  the 
swelling  ceases.  But  below  this  point,  the  wood  continues  to  swell 
with  increased  absorption  of  moi-ture.  Consecjuently  the  specific 
gravity  ("  conditional"  specific  gravity,  as  this  is  termed  to  distinguish 
it  from  the  inherent  specific  gravity,  which  depends  upon  the  density 
of  the  wood  >ubstance)  increa-es  in  a  le>s  rapid  ratio  than  the  moisture. '■"' 

The  fact  that  a  piece  of  wood  grows  smaller  as  it  dries  modifies  to 
some  extent  the  figures  given  in  the  talfies  for  the  increase  in  strength 
when  these  are  applied  to  the  same  stick.     The   figures  as  given  are 

«See  also  Janka:  Baumaterialienkimde,  Heft  17.  p.  264.  Sept.,  1904.  in  which  the 
variation  of  conditional  specific  gravity  with  moisture  is  given  in  a  series  of  curves 
for  spruce  of  various  densities. 
[Cir.  108.] 
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nu'koiKHl  ill  it'i'ins  of  j>()Uii(ls  per  s([ii:iri'  incli  of  actual  aica.  and  would 
not  ai)i)l\  directly  tor  the  sidf'sainc  Mock  of  wood:  I'oi-  it'  the  iirc  a  ot" 
t\\v  (Mid  of  the  l)!oclv  is  1  s(iu:ir(^  inch  when  ere(Mi,  this  area  w  ili  he  less 
than  a  si^uare  int-h  when  the  block  is  dry.  Thc^  ratios  of  increase  in 
strength  _e-i\nMi  in  the  tables  must  thertd'ore  b(>  nudtiplied  l)y  a  >hrink- 
ai»-o  factor  if  applied  to  the  sidfsaiiie  stick  of  >vood.  The  slH-inka«4-e 
factor  for  compression  strength  is  simply  the  ratio  of  the  area  of  th(^ 
dry  bl()(  k  to  its  original  area  when  green. 

\Vith  l)eams  tln^.  ehange  in  the  resisting  moments  produced  by  tlu^ 
chani:(^  in  dimensions  must  also  be  taken  into  consideration.  The 
shriidvae-(^  factors,  so  far  as  (h^terminiHl,  are  given  in  'ra])le  3. 

Table  o. — IShrinkaye  factors  from  green  to  kiln-dry  {3^  per  cent  moisture)  state. 


• 

Longleaf 
pine. 

Red 
spruce. 

Chest- 
nut. 

Loblolly 
pine. 

Compression  parallel   to  gnxin;  crushing  strength,  elastic 

0.90 

.88 
.85 

0.92 
.89 
.86 

0.90 

.87 
.8-1 

0.92 

Bending:  modulus  of  rupture,  and  strength  at  elastic  limit  .. 

.89 
.86 

Since  the  swelling  increases  directly  with  the  moisture,  as  seen  from 
figure  -i,  intermediate  strength  values  may  readily  be  calculated  from 
the  figures  giA^en  in  this  table." 

EFFECT  OF  CASEHARDENING. 

If  the  moisture  be  unequally  distributed  in  the  specimen,  as  in  the 
case  of  large  timbers  rapidly  dried,  or  in  "casehardened"  pieces,  the 
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MOISTURE       PERCENT     OF    DRY    WEIGHT 

FlG.5.— ElTect  of  casi'hardening  tii.on  the  form  of  the  moisture-strength  curve  in  bending  tests,    'i  he 
upper  curve  is  from  casehardened  specimens,  the  lower  curve  from  uniformly  dried  specimens. 

outer  shell  may  be  drier  than  the  fiber-saturation  point,  while  the  inside 
still  contains  free  water.     The  resulting  moisture-strength  curve  will 

« For  other  ligures  on  shrinkage  the  reader  i.s  referred  to  Circular  12,  p.  8,  and 
Circular  19  of  the  Division  of  Forestry,  and  also  to  Bulletin  8,  p.  30. 
[Cir.  108.] 
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be  higher  than  the  correct  curve  and  be  so  rounded  oil  from  the 
driest  to  the  wettest  condition  as  entirel}^  to  obscure  the  fiber-satura- 
tion point.  Former  investigators  have  erroneously  taken  this  abnor- 
mal curve  as  the  true  moisture-strength  curve.  While  Professor 
Johnson  recognized  what  is  here  designated  the  fiber-saturation  point, 
he  disregarded  it  in  his  curves. 

A  number  of  tests  were  made,  in  compression  parallel  to  grain  and 
in  bending,  upon  2  by  2  inch  specimens  of  chestnut,  purposely  case. 
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COMPRESSION  -  iN    THE  PIECE    5y^  INCHES   L0N6  -INCHES 

Fig.  C— Stress  diagrams  of  tests  in  compression  jjarallel  lo  grain  for  a  single  series  of  each  of  three 
species,  showing  the  etiect  of  different  degrees  of  moi.sture  from  the  wet  to  the  oven-dry  conditions. 

hardened  to  three  different  depths.  These  were  compared  with  the 
^•egular  tests  on  specimens  with  evenly  distributed  moisture,  and  the 
results  drawn  in  curves.  Figure  5  gives  one  of  the  diagrams  for 
bending  tests.  The  upper  curve  represents  the  results  of  case- 
hardened  tests  and  the  lower  that  of  regular  tests.  The  contrast  is 
very  striking. 

[Cir.  108.] 
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It  follows.  thoM,  that  t(\sts  for  standanl  \alii(^s  should  he  inado  only 
upon  spociiiKMis  ill  which  t\\v  moisture^  is  iinifonnly  (li.stributcd. 

EFFECT  OF  THE  PROCESS  OF  DRYING  UPON  WOOD. 

Allhounh  dry  wood  is  much  strono-or  than  wet  wood.  wIkmi  it  is 
])rouu-lit  hack  to  the  wet  condition  it  is  weaker  than  it  was  in  its  oi-io- 
inal  green  state.  Certain  methods  of  drying  in  particular  may  greatly 
and  permanently  injure  its  inherent  strength.  This  result  of  drying 
is  distinct  from  mechanical  injuries,  such  as  checks  and  the  loosening 
of  knots,  which  would  be  additional  causes  of  weakening,  and  is  due 
to  changes  produced  in  the  physical  condition  of  the  wood. 

Preliminary  and  correlated  experiments  along  this  line  ma}^  be  sum- 
marized as  follows: 

(1)  No  matter  how  dried,  wood  is  found  upon  resoaking  to  be  weaker 
than  it  was  originall}'.  The  specimens  which  were  treated  in  the 
moisture-strength  stud}'  mentioned  on  page  11  show,  with  very  few 
exceptions,  a  decided  reduction  in  strength  when  resoaked  after  hav- 
ing been  kiln-dried  with  moist  heat  up  to  about  130^  F.  The  average 
loss  is  from  15  to  IS  per  cent  of  the  original  strength. 

(2)  The  loss  in  strength  upon  resoaking  or  wetting  is  very  great 
when  wood  has  been  dried  by  steaming  under  pressure.  Experiments 
made  upon  loblolly  pine  railroad  ties  at  St,  Louis,  described  in  circular 
39  of  the  Forest  Service,"  show  that  steaming  for  four  hours  at  20 
pounds  pressure  reduces  the  strength  fully  15  per  cent,  and  that  the 
loss  increases  directly  with  the  pressure  and  the  length  of  time  steamed, 
the  loss  ranging  from  40  to  60  per  cent  after  steaming  at  100  pounds 
for  four  hours  and  exceeding  30  per  cent  after  steaming  at  20  pounds 
for  twenty  hours. 

(3)  Special  tests,  liT  in  all,  were  made  upon  small  specimens  of 
green  longleaf  pine,  spruce,  and  chestnut  to  determine  directl}^  the 
effect  of  steaming  and  dr}'  air.  For  compression  the  test  pieces  were 
seven-eighths  inch  square  and  1^  inches  long,  and  for  bending  14  inches 
long,  with  12  inches  span.  Four  sets  were  tested — (^/)  in  the  green  con- 
dition; (/>)  steamed  at  208^  F.  in  exhaust  steam  (open  to  air)  for  several 
days,  then  resoaked;  {c)  dried  in  dry  air  at  the  same  temperature, 
then  resoaked:  (d)  steamed,  as  in  h,  and  tested  di recti}'.  The  ratios  of 
strength  and  moisture  per  cents  are  given  in  Table  4,  where  each  figure 
gives,  as  a  rule,  the  average  of  five  tests. 

«  Experiments  on  the  Strength  of  Treated  Timber,  by  W.  Kendrick  Hatt. 
2200— No.  108—07 3 
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Table  4. — Loss  of  inherent  strength  when  subsequently  resoaked  due  to  drying  with  exhaust 

steam  and  dry  air. 


Set. 

Treatment. 

Compression  par- 
allel to  grain. 

Bending. 

Species. 

Strength. 

Moisture. 

Modulus 
of  rup- 
ture.a 

Moisture. 

r  a 

I: 

u 
is 

100 

82 

85 

219 

100 

79 

86 

258 

100 

80 

82 

Per  cent. 
26 
34 
38 

3.9 
39 
55 
61 

6.9 
100 
74 
94 

3.5 

100 

113 

94 

208 

100 

90 

77 

216 

100 

82 

84 

78 

Per  cent. 
28 

S  teamed  and  resoaked 

28 

Dry  heat  and  resoaked 

35 

4.9 

44 

Red  spruce 

Steamed  and  resoaked. 

42 

Dry  heat  and  resoaked 

46 

5.4 

Tested  green 

110 

Chestnut 

Steamed  and  resoaked 

55 

Drv  heat  and  resoaked 

Steamed 

35 

a  Expressed  in  per  cent  of  values  for  green  Avood. 

In  general,  it  may  be  concluded  from  these  tests  that  dr3nng  in 
exhaust  steam  mixed  with  air  reduces  the  strength  of  resoaked  wood 
about  20  per  cent,  and  dr3dng  in  dry  air  at  the  same  temperature 
reduces  it  slightl}^  less.  Other  tests  show  that  this  loss  is  not  due  to 
the  soaking  process.  When  subsequently  dried,  the  effect  is  entirely 
different,  as  will  be  seen  further  on.  It  seems  probable,  also,  that  the 
resoaked  wood  gradually  recovers  its  strength  if  left  in  the  water  a 
long  time  without  decay.  Whether  it  would  finally  regain  its  original 
green  strength  or  not  is  still  a  mooted  question. 

(4)  Table  5  summarizes  the  effects  of  various  methods  of  steaming, 
drying,  and  soaking  upon  the  strength  of  wood  as  shown  in  the  results 
of  some  preliminary  tests.  These  tests  were  made  upon  small  blocks 
three-fourths  inch  sjquare  and  1^  inches  long,  for  ultimate  crushing 
strength  parallel  to  grain  only.  The  blocks  were  cut  from  seven 
strips;  each  series  of  tests,  1  to  14,  from  the  same  strip,  and  the  cor- 
respondingly numbered  blocks  were  treated  alike  and  the  results 
averaged.  Thus  each  ffgure  in  the  table  is  the  average  of  seven  tests. 
Thoroughly  green  wood  was  used  to  start  with.  The  steaming  was 
done  at  atmospheric  pressure  with  exhaust  steam,  the  kiln-drving  at 
about  120^  to  130^  F.,  the  oven-drying  at  208°  F.,  and  the  soaking 
in  a  glass  jar  in  which  the  water  was  changed  several  times.  There 
was  no  sign  of  fungous  growth.  All  three  species  were  soaked  in  the 
same  jar. 

[Cir.  108.] 
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Table  r>.  —  The  effect  of  ntriuns  jirocesscff  of  dri/iiif/,  stemnhuj,  awf  xonkiinj   iijmti   th 
strength  of  wooiL     Prelim  inari/  tests  on  small  specime^is. 


Con- 

Compression  parallel  to  grain. 

sei'u- 

live 

Lonpleaf  pine. 

Red  spruce. 

Chestnut. 

num- 



('oiiditioii. 

ber  of 

sets  in 

Average 
total 
load. 

Average 

Average 
total 
load. 

Average 

Average 

.\vcrage 

the 
strips. 

moisture. 

moisture. 

load. 

moisture. 

Pounds. 

Pa-  cent. 

Pounds. 

Per  cent. 

Pounds. 

Per  cent. 

1 

2,902 

25. 5 

2,211 

29.1 

2,075 

98.6 

Green. 

12 

2,946 

26. 1 

2,219 

29.6 

2,221 

98 

Do. 

6 

3,031 

27.  5 

2, 294 

30.5 

2, 194 

98 

Do. 

2 

2,213 

57.9 

1^^'i 

72.6 

1,482 

125 

Air-dried  98  days,  rcsoakcd  47  da y<, 

indoors. 
Kiln-dried    35    davs,   rcsoaked    ('.:; 

3 

2,268 

67.6 

1,606 

91.9 

1,573 

131 

1 

days,  indoors. 

4 

2,251 

70.1 

1,606 

97.5 

1,566 

127 

Air-dried  33  davs,  oven  2  davs  at 
208°  F.,  resoaked  68  davs. 

5 

2,355 

70.3 

1,650 

104.0 

1,511 

133 

Kiln-dried  35  days,  soaked  68  days; 
kiln-dried  56  days,  soaked  36 
days;  kiln-dried  41  days,  soaked 
43  days. 

/ 

2,224 

61.8 

1,569 

87.1 

1,573 

120 

Air-dried  33  days,  oven  over  8  davs, 
resoaked  53  days. 

8 2,291 

34.  S 

1,815 

29.6 

1,486 

59.5 

Steamed  4  hours  and  tested  when 

cool. 
Steamed  4  hours,  air-dried  63  davs, 

9 2,041 

68.3 

1,426 

94.4 

1,271 

134 

resoaked  47  days. 

10 j      2,409 

22.4 

1,518 

59.2 

1,257 

40 

Steamed  21  hours  during  4  days 
and  tested  when  cool. 

11 1,967 

95.4 

1,321 

117.0 

917 

154 

Steamed  21  hours  during  4  days, 
air-dried  57  days,  resoaked  47 
days. 

13 6,988 

1.16 

6,626 

1.0 

5,103 

0.86 

Steamed  7  hours,  then  oven-dried 
5  davs. 

14 6,890 

1.53 

6,519 

0.7 

5,057 

0.76 

Air-dried  31  days,  oven-dried  3 
days. 

The  results  shown  in  Table  5  lead  to  the  following  conclusions: 

(a)  Comparing  Nos.  IS  and  H. — Steaming  at  atmospheric  pressure 
does  not  appear  to  impair  the  strength  of  wood  when  the  wood  is  sub- 
sequently brought  to  the  dry  condition. 

{h)  Comparing  I^os.  ^,  P,  a7id  11. — Steaming  permanently  reduces 
the  strength  in  the  wet  condition;  that  is,  it  permanently  raises  the 
moisture  degree  of  the  fiber-saturation  point,  even  if  the  wood  is 
thoroughly  dried  after  the  steaming,  and  steaming  for  twent3^-one 
hours  is  more  detrimental  in  this  respect  than  for  a  shorter  time. 

((')  Comparing  Nos,  ^,  S.^  J^^  and  7. — Drying  in  dry  air  at  the  boil- 
ing point  of  water  (gradually  raising  the  temperature)  is  little  or  no 
more  harmful  than  drying  at  a  low  temperature  of  about  130°  F.,  even 
if  prolonged  for  eight  da3'S.  Possibly  with  pine  and  spruce  a  lower 
temperature,  and  a  shorter  time  at  the  higher  temperature,  are  slightl}^ 
more  advantageous. 

It  would  appear  from  No.  2  that  even  air-drying  at  ordinary  tem- 
perature results  in  a  weakening  when  the  wood  is  brought  back  to  the 
wet  condition.  This  inference  must  not  be  made  too  hastily,  how- 
ever, for  it  is  possible  that  some  of  this  difference  may  be  accounted 
for  by  difference  of  temperature  at  time  of  test.  Set  No.  1  was  tested 
in  February  at  about  55°  F.,  while  No.  2  was  tested  in  fluly.  on  a  vciy 
hot  day,  probably  at  about  80°  F.     Until  more  exact  knowledge  has 
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been  obtained  as  to  the  effect  of  temperature  upon  the  strength  of  wet 
wood  no  definite  conclusion  as  to  the  cause  of  this  difference  can  be 
made. 

(d)  Repeated  alternate  kiln-drying  and  resoaking  (No.  5)  apparent!}^ 
causes  no  greater  loss  in  strength  than  kiln-drying  and  soaking  only 
once,  except  in  the  case  of  chestnut. 

These  deductions  must  be  considered  as  provisional,  pending  further 
experiments  now  in  progress.  They  agree,  however,  with  the  results 
previoush"  mentioned,  in  so  far  as  the  cases  are  parallel.  Experi- 
ments thus  far  made  establish  bev^ond  question  the  extreme  mutability 
of  the  strength  values  of  wood  as  affected  by  extrinsic  conditions,  and 
consequently  the  absolute  necessit}^  of  a  knowledge  of  all  the  condi- 
tions before  comparing  the  values  obtained  from  tests  made  upon  dif- 
ferent specimens,  or  compiling  a  standard  table  of  the  strength  values 
for  small  sizes  of  different  woods. 

Brieffy,  then,  in  addition  to  the  inherent  qualities  of  the  specimens 
under  consideration,  account  must  be  taken  of  previous  treatment, 
present  moisture  condition,  temperature,  and  speed  and  method  of 
testing. 

EFFECT  OF  SUPERHEATING. 

Experiments  now  in  progress  indicate  that  drying  wood  at  high 
temperatures,  either  in  steam  or  in  dry  air,  produces  the  following 
results:  (1)  It  permanently  reduces  its  moisture  content  below  that  of 
ordinary  air-dried  wood  when  again  exposed  to  the  air,  at  the  same  time 
rendering  it  less  hj^groscopic,  so  that  it  is  less  susceptible  to  changes 
in  the  humidit}^  of  the  air;  (2)  the  moisture  condition  of  the  fiber- 
saturation  point  is  changed,  being  reduced  by  high  temperatures  with 
dr}^  air  or  superheated  steam;  (3)  the  strength  of  the  wood  is  increased, 
except  in  the  resoaked  condition. 

These  effects  differ  in  degree  according  to  the  method  of  drying  and 
the  temperature  sustained. 

To  what  extent  the  l)rittleness  of  wood  is  affected  by  drying  under 
these  conditions  is  not  yet  determined,  but  comparisons  of  the  stress 
diagrams  and  failures  of  white  ash  beams  seem  to  indicate  little  or  no 
change  in  this  respect.  Whether  the  increase  in  strength  is  due  to 
the  reduction  in  hygroscopicity  or  to  physical  changes  is  of  secondary 
importance,  since  in  either  case  the  strength  of  the  wood  under  like 
atmospheric  conditions  is  increased. 

It  is  possible  that  after  long  exposure  this  difference  in  hygrosco- 
picity might  disappear.  However,  some  of  the  specimens  upon  which 
this  conclusion  is  based  were  exposed  to  the  open  air  for  more  than 
eight  months,  and  were  much  wetter  when  placed  on  the  rack  to  air 
dry  after  treatment  than  were  the  air-dried  pieces  with  which  the}^ 
were  compared. 
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EQUATION   FOR   THE   MOISTURE-DENSITY-STRENGTH  RELATION 
FOR  LONGLEAF  PINE. 

An  equation  derived  from  the  curves  of  the  longleaf  pine  compivs- 
sion  tests,  giving-  the  variation  of  crushing  strength  both  witli  specific 
gravitv  and  with  moisture  per  cent,  is: 

C=G  (22.1i>2-1335p+25610). 

Where  C=  crushing  strength  in  pounds  per  square  inch. 
^r=: specific  gravity  of  dr}^  wood. 
^>  =  per  cent  of  moisture,  based  on  disK  method. 

Tims,  for  example,  what  is  the  crushing  strength  of  a  piece  of  long- 
leaf  pine  at  10  per  cent  of  moisture,  its  dry  specific  gravity  being 

0.62^ 

6'=0.62  (2210  — 13350+25610)  =  8,971.4  pounds  per  square  incn. 

The  maximum  variation  from  this  equation  of  a  single  test  was  lY 
per  cent  above  and  22  per  cent  below;  of  a  single  series.  9  per  cent 
above  and  22  per  cent  below.  (For  any  value  beyond  the  saturation 
point,  jt?  should  be  taken  as  21.) 

In  closing,  it  may  well  be  remarked  that  the  effect  of  water  in  soft- 
ening organic  tissue,  as  in  wetting  a  piece  of  paper  or  a  sponge,  is  a 
very  familiar  fact;  so,  also,  the  stiffening  effect  of  drying,  especially 
at  high  temperatures.  The  ultimate  cause  of  the  result  is  purely 
h3^pothetical,  but  that  the  same  law  which  applies  to  other  organic 
substances  should,  with  proper  modifications,  hold  good  in  relation  to 
the  strength  of  wood  seems  highly  reasonable.  Since  wood  is  a  very 
complex  structure,  composed  of  man}^  substances,  concerning  the  exact 
chem.ical  and  physical  nature  of  which  very  little  is  known,  it  is  impos- 
sible to  theorize  with  any  degree  of  certaint}^  as  to  the  influence  of 
moisture,  heat,  and  other  extrinsic  factors.  The  laws  are  extremeh^ 
subtle,  and  can  onh^  be  determined  empirically  from  large  numbers  of 
actual  tests. 

Approved : 

James  Wilson, 

Secretary  of  Agriculture. 
Washington,  D.  C,  June  8,  1907. 
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APPENDIX. 


MOISTURE-STRENGTH  REDUCTION  TABLES. 

Tables  6  to  24  have  been  compiled  from  the  average  moisture- 
strength  curves  of  the  various  woods.  They  present,  in  a  form  con- 
venient for  general  use,  the  factors  or  coefficients  by  which  the  strength 
value  at  any  given  moisture  degree  should  be  multiplied  in  order  to 
find  the  equivalent  value  at  the  standard  or  any  other  desired  moisture 
degree.  For  example:  A  number  of  compression  tests  upon  air-dr}" 
longleaf  pine  gave  an  average  compression  strength  of  7,860  pounds 
per  square  inch.  The  moisture  per  cent  was  found  to  be  12.  What 
is  the  corresponding  strength  of  the  green  wood?  In  Table  6  (p.  24) 
look  under  the  column  headed  12  per  cent  for  the  factor  which  is  on 
the  line  headed  "green"  (or  20.3  per  cent)  and  find  the  number  0.581. 
Then  7,860  times  0.581  =  4,567  pounds  per  square  inch,  which  is  the 
value  sought. 

It  should  be  noted  that  these  reduction  tables  can  be  used  with  cer- 
tainty onW  for  the  adjustment  of  groups  of  data,  and  not  for  any  sin- 
gle datum. 
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